Tandem stop mutations K26X and H27X in human immunodeficiency virus type 1 (HIV-1) vif compromise virus replication in human T-cell lines that stably express APOBEC3F (A3F) or APOBEC3G (A3G). We previously reported that partial resistance to A3G could develop in these Vif-deficient viruses through a nucleotide A200-to-T/C transversion and a vpr null mutation, but these isolates were still susceptible to restriction by A3F. Here, long-term selection experiments were done to determine how these A3G-selected isolates might evolve to spread in the presence of A3F. We found that A3F, like A3G, is capable of potent, long-term restriction that eventually selects for heritable resistance. In all 7 instances, the selected isolates had restored Vif function to cope with A3F activity. In two isolates, Vif Q26-Q27 and Y26-Q27, the resistance phenotype recapitulated in molecular clones, but when the selected vif alleles were analyzed in the context of an otherwise wild-type viral background, a different outcome emerged. Although HIV-1 clones with Vif Q26-Q27 or Y26-Q27 were fully capable of overcoming A3F, they were now susceptible to restriction by A3G. Concordant with prior studies, a lysine at position 26 proved essential for A3G neutralization. These data combine to indicate that A3F and A3G exert at least partly distinct selective pressures and that Vif function may be essential for the virus to replicate in the presence of A3F.
Human APOBEC3F (apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3F) (A3F) is a DNA cytidine deaminase that, like its prototypical relative APOBEC3G (A3G), restricts the infectivity of human immunodeficiency virus type 1 (HIV-1) in the absence of the viral accessory protein virion infectivity factor (Vif) (4, 26, 43, 51, 61) . Vif is thought to permit productive HIV-1 infection by mediating the proteasomal degradation of A3G and A3F through recruitment of a ubiquitin ligase complex consisting of Elongins B and C, Cullin 5, and Rbx2 (9, 26, 31, 34, 35, 44, 49, 51, 58, 59, 61) . In addition, several groups have suggested other mechanisms by which Vif may counteract APOBEC3 proteins, including directly inhibiting packaging, decreasing translation, and inhibiting deaminase activity (22, 29, 36, 42, 49) .
In contrast with HIV-1, direct and indirect observations indicate that many retroviruses do not need Vif to evade restriction by cellular APOBEC3 proteins. For instance, the lentivirus equine infectious anemia virus (EIAV) lacks a vif gene despite the existence of an extensive repertoire of equine APOBEC3 proteins (6, 62) , and among other types of Vifdeficient retroviruses, a number of alternative APOBEC3 resistance mechanisms have evolved. Foamy viruses use an auxiliary protein called Bet to neutralize APOBEC3 proteins (27, 40) . Human T-cell leukemia virus type 1 (HTLV-1) avoids APOBEC3 encapsidation through its unique nucleocapsid protein (11) . Analogously, murine leukemia virus (MLV) excludes certain APOBEC3 proteins from virions and cleaves encapsidated murine APOBEC3 (1, 13) , while Mason-Pfizer monkey virus (MPMV) also avoids the encapsidation of its cognate rhesus macaque A3G (12) .
Overall, it appears that most retroviruses must possess a mechanism to evade the APOBEC3 proteins of their hosts, and this requirement does not always involve Vif. Even in the case of HIV-1, the most influential study to analyze the activity of primary isolates of Vif against A3F and A3G so far demonstrated that 10/40 genetically intact vif alleles tested were defective for the neutralization of one or both restriction factors (45) . In addition to intact but defective vif alleles, diverse studies suggest the occurrence of vif alleles with gross genetic lesions to be quite common, ranging from 3.4 to 31% of clones analyzed (e.g., 3 .4% [23] , 5.8% [60] , 6.3% [45] , 10.2% [57] , 17.4% [47] , 21.1% [56] , or 31.1% [50] ), and readily detectable in most studies in a sizeable fraction of patients analyzed (e.g., 0/50 [19] , 6/55 [52] , 2/18 [53] , 3/14 [38] [56] , or 5/6 [50] ). Our own analysis of 2,522 subtype B sequences from the Los Alamos National Laboratory HIV Sequence Database indicated approximately 4% of vif sequences contain one or more premature termination codons (data not shown) (http://www.hiv.lanl.gov/). One may therefore conservatively estimate that, concordant with the overall proportion of defective vif alleles estimated by Simon and colleagues (45) , at least 20% of vif alleles are likely inactive against one or more APOBEC3 proteins. Beyond that, some unknown percentage will likely display suboptimal neutralizing activity relative to the "wild type" as also observed previously (30, 45) . Combining these findings with the fact that HIV-1 has had decades in which to adapt to the human APOBEC3 repertoire, while its Vif-encoding simian immunodeficiency virus (SIV) ancestors may have been coexisting with primate APOBEC3 repertoires for millions of years before that (15, 54) , it is important to consider the possibility that Vif function may not be the sole mechanism of resistance to APOBEC3 proteins available to HIV-1.
To address this, we have previously carried out long-term in vitro selection experiments in which we passaged HIV-1 containing tandem stop codons at positions 26 and 27 of vif in the presence of A3G. These studies yielded viral variants that could spread effectively in the presence of A3G despite retention of these tandem stop codons; rather, all isolates had acquired a pyrimidine at nucleotide 200 and a stop codon in vpr (18) . While the effect of the vpr null mutation remains unknown, the substitution of A to T or C at nucleotide 200 (T/C200) functions to optimize viral translation, resulting in increased particle production and a relative decrease in A3G encapsidation to levels tolerable to the viral population (17) . However, we also observed that these T/C200 vif Ϫ vpr Ϫ variants were still susceptible to restriction by A3F and by the APOBEC3 repertoire in nonpermissive CEM cells (18) .
We therefore set out to select variants of these viruses that might additionally resist A3F. Given the literature on the Vifindependent evasion of APOBEC3 proteins by the other viruses noted above as well what is known of the mechanisms of human APOBEC3-mediated restriction, we hypothesized that several mechanistically distinct resistance mutations might emerge: (i) changes in nucleocapsid or viral nucleic acid structures that inhibit A3F encapsidation (e.g., see the references above and many references addressing the mechanism of A3G encapsidation as discussed in reference 8), (ii) mutations in integrase or viral nucleic acid motifs that impede the effects of APOBEC3 proteins on integration (28, 32, 33) , (iii) mutations in viral nucleic acid structures or nucleocapsid that impede APOBEC3 effects on reverse transcription (5, 16, 21, 25, 55) , (iv) nonspecific fitness-enhancing mutations (e.g., T/C-200 in reference 18), or (v) the restoration of functional vif alleles.
MATERIALS AND METHODS
Plasmids. All novel constructs described were confirmed by DNA sequencing. A3F and A3G coding sequences are identical to those found in GenBank, NM_145298 and NM_021822, respectively. The pcDNA3.1-derived constructs used for the stable expression of untagged A3F and A3G have been described previously (18) . pcDNA3.1-V5 and pcDNA3.1-A3F-V5 expression constructs containing a V5 epitope tag were made by digesting pcDNA3.1-3xHA or pcDNA3.1-A3F-3xHA (48) with XhoI/XbaI and ligating these plasmids with synthetic complementary oligonucleotides 5Ј-TC GAG GGA GTC GAG GGC GGC GGT AAG CCT ATC CCT AAC CCT CTC CTC GGT CTC GAT TCT ACG TAG T-3Ј and 5Ј-CT AGA CTA CGT AGA ATC GAG ACC GAG GAG AGG GTT AGG GAT AGG CTT ACC GCC GCC CTC GAC TCC C-3Ј, which replaces the 3ϫ HA coding sequence with one for the V5 epitope. pcDNA3.1-A3G-V5 was derived by amplifying A3G from pcDNA3.1-A3G using primers 5Ј-NNN GAA TTC GAG CTC GGT ACC ACC ATG AAG CCT CAC TTC AG AAA C-3Ј and 5Ј-NNN GTC GAC TCC GTT TTC CTG ATT CTG GAG AAT-3Ј, digesting with KpnI/SalI and ligating the purified product into pcDNA3.1-V5 digested with KpnI/XhoI.
We codon optimized HIV-1 IIIB Vif and added nucleotides for a C-terminal hemagglutinin (HA) epitope (GenScript USA, Inc.). The translated Vif open reading frame is identical to GenBank accession no. EU541617 (18) . Vif IIIB -HA was excised from parental vector pU57 using BamHI/SalI and subcloned into a similarly cut pVR1012-derived plasmid provided by Xiao-Fang Yu (Johns Hopkins University, Baltimore, MD). This BamHI/SalI-digested expression construct was religated to itself to create a vector control. pVR1012-Vif IIIB -HA was modified by site-directed mutagenesis with Pfu polymerase (Stratagene) to create  variants encoding QQ and YQ at positions 26 and 27 using primers 5Ј-T TGG  AAG CGC CTC GTG CAG CAG CAT ATG TAC ATC TCC C-3Ј and 5Ј-G  GGA GAT GTA CAT ATG CTG CTG CAC GAG GCG CTT CCA A-3Ј or primers 5Ј-ACT TGG AAG CGC CTC GTG TAT CAG CAT ATG TAC ATC TCC CGC-3Ј and 5Ј-GCG GGA GAT GTA CAT ATG CTG ATA CAC GAG GCG CTT CCA AGT-3Ј.
Proviral constructs for wild-type HIV-1 IIIB (GenBank accession no. EU541617 [18] ) and a vif-deficient derivative with tandem stop codons at positions 26 and 27 were obtained from Michael Malim (King's College, London, England). Derivative molecular clones with A3G-resistant virus 2 (A3G-R2) and A3G-resistant virus 3 (A3G-R3) mutations, as well as a vif-deficient HIV-1 IIIB containing a cytidine at nucleotide 200, have been reported (18) ( Table 1) . Substitution of a given vif allele in these backgrounds was done by site-directed mutagenesis on a pCR4-Blunt (Invitrogen) plasmid containing the PCR-amplified and cloned HIV-1 IIIB vif/vpr region extending from nucleotides 3095 to 5485 (GenBank accession no. EU541617 [18] , where ϩ1 is the transcriptional start site). Of note, the A3G-R3 used here is a variant of the published sequence containing an additional nucleotide deletion at position 5285 in the vpr open reading frame downstream of the reported vpr W18X mutation (18) . Mutated fragments were reintroduced into full-length molecular clones by subcloning the SwaI/SalI fragment from the shuttle vector into a similarly cut parental HIV-1 IIIB proviral plasmid. A comprehensive listing of the molecular clone genotypes used in these studies is provided in Table 1 .
Stable cell lines. CEM-SS cells stably expressing A3F, A3G, or a vector control have been described previously (18) . SupT1 was obtained from the AIDS Research and Reference Reagent Program (catalog no. 100). SupT11 is a single-cell subclone of SupT1 isolated by limiting dilution. APOBEC3-expressing derivatives were made by electroporating with 20 g linearized plasmid (250 V, 950 F; Bio-Rad), selecting with 1.0 mg/ml G418 (Mediatech), and screening clones for APOBEC3 expression by immunoblotting using anti-A3F or anti-A3G antibodies (clone 1474 or 10201 from Michael Malim or Jaisri Lingappa, respectively, obtained through the AIDS Research and Reference Reagent Program). T-cell lines were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin-streptomycin, ␤-mercaptoethanol, and in some cases, 0.5 mg/ml G418.
Virus stocks. Infectious virus was produced by transfecting 5 or 10 g of proviral molecular clone plasmids into 293T cells at approximately 70% confluence in 10-cm dishes using Trans-IT (Mirus Bio) or Fugene 6 (Roche) transfection reagents. Two or three days later, virus-containing supernatants were harvested and filtered through 0.45-m filters. 293T cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum and penicillin-streptomycin.
Virus titration. The titers of viruses derived from molecular clones were determined by infecting 50,000 CEM-GFP reporter cells (14, 18) . Approximately 3 days later, cells were fixed in 4% paraformaldehyde, and green fluorescent protein (GFP)-positive infected cells were quantified using flow cytometry. A Beckman-Coulter Quanta MPL instrument or a Becton-Dickinson FACSCalibur instrument was used for data collection, and FlowJo (Tree Star) or CellQuest (Becton-Dickinson) software was used for data analysis. Live cells were gated by forward versus side scatter (or by electronic volume versus side scatter when using the Quanta MPL instrument), and the proportion of GFP-positive cells in this population was quantified. These percentages were then graphed against the volume of virus stock used, and linear regression was employed to determine the percentage of cells infected at a given volume of a particular virus stock. Calculations of multiplicity of infection (MOI) on CEM-GFP cells were derived from these percentages and used as a standard by which to normalize the quantity of infectious virus used to initiate infections. Quantification of resistant virus isolates differed from this protocol due to the limited amount of passaged supernatants available. In this case, titers were calculated from single infections of 25,000 CEM-GFP cells with 150 l of virus saved on a given day in a total volume of 250 l.
HIV-1 spreading infection experiments. Spreading infections were initiated by infecting 50,000 cells of a given cell line in a total volume of 1 ml in one well of a 24-well plate at a CEM-GFP MOI of 0.01 to 0.05; the MOI in a given experiment is indicated in the associated figure legend. Spreading infections were monitored by periodically using 150 l of cell-free supernatant to infect fresh target CEM-GFP cells at a concentration of 25,000 cells per 100 l per well of a 96-well plate. At approximately 2 to 4 days postinfection, these cells were fixed in 4% paraformaldehyde and analyzed by flow cytometry as described above. The original infected cultures were split, and their media were replenished as needed at each time point taken to prevent the overgrowth of infected cells. The accumulation of multiple cycles of infection in a spreading infection leads to some variability in the peaks of replication, and clonal variation among the cell lines used in the experiments described introduces an additional variable (see "Stable cell lines" above for cell line derivation procedures). Nevertheless, general trends of growth/no growth for each virus on each cell line are apparent in the data shown here and in many additional experiments not shown. Additional observations of import are provided in the text or associated figure legend to supplement raw infectivity curves. Except where specifically indicated, the restriction of a given virus is indicated by increasingly flat replication curves. Viruses that spread effectively, in contrast, will generally yield a sharp infectivity peak, followed by a decline as cells are killed by viral spread.
Resistant virus selection procedures. Resistant viruses were selected by initiating spreading infections in a given cell line (e.g., CEM-SS clones stably transfected with A3F) as indicated above at an MOI of 0.05 or 0.03. Cell-free supernatants were periodically used to infect target CEM-GFP cells as described above, and these CEM-GFP cultures were visually monitored for the outgrowth of notably more infectious viruses as evidenced by an increased proportion of bright GFP-positive cells. Cultures were split and fed as needed at each monitoring point to prevent the overgrowth of infected cells on which viral spread remained restricted until the emergence of resistance. Upon outgrowth of a virus displaying enhanced infectivity, cell-free supernatants were saved at each monitoring point for subsequent confirmatory passage. Passage of resistant isolates was then initiated using virus produced in the presence of A3F, and these passages were conducted as indicated above for a typical spreading infection.
Proviral DNA sequencing. Genomic DNA was extracted from target CEM-GFP cells infected at the end of the third passage of resistant virus isolates using Qiagen DNeasy kits. This gDNA was then used as template for the amplification of integrated proviral sequences using PCR with high-fidelity Phusion polymerase (NEB) and primers 5Ј-CAAGGCCAATGGACATATCA-3Ј and 5Ј-CAAA CTTGGCAATGAAAGCA-3Ј. PCR products were cloned into pJET (Fermentas), TOPO pCR4-Blunt or TOPO pCR-Blunt II (Invitrogen). Cloned viral fragments were recovered in Escherichia coli TOP10 or DH10B, and plasmid DNA was prepared with a Qiagen or Clontech miniprep kit. Plasmids were then sequenced using universal or virus-specific primers. Sequences were compiled and analyzed using Sequencher software (Gene Codes Corp.).
APOBEC3 immunoblotting experiments. T-cell lines were grown to confluence, harvested, and lysed in approximately 50 l of lysis buffer (25 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM MgCl 2 , 50 M ZnCl 2 , 10% glycerol, and 1% Triton X-100 lysis buffer containing 50 M MG132 [American Peptide] and complete protease inhibitor [Roche]) per milliliter of cells. A 5ϫ sample buffer consisting of 62.5 mM Tris (pH 6.8), 20% glycerol, 2% sodium dodecyl sulfate (SDS), 5% ␤-mercaptoethanol, and 0.05% bromophenol blue was added to each lysate to a final concentration of 2ϫ, and the mixture was boiled for approximately 10 min prior to loading. Proteins were fractionated by 10% SDS-polyacrylamide gel electrophoresis (PAGE), transferred to a polyvinylidene difluoride (PVDF) membrane, blocked in 4% milk dissolved in phosphate-buffered saline (PBS) containing 0.01% Tween, incubated with rabbit anti-A3F (above), rabbit anti-A3G (above) or mouse antitubulin (Covance) antibodies, and probed with secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit or goat anti-mouse antibodies (Bio-Rad). The blots were then developed using HyGlo chemiluminescent HRP antibody detection reagent (Denville Scientific) and exposed to film. The membranes were stripped using 62.5 mM Tris (pH 6.8), 2% SDS, and 100 mM ␤-mercaptoethanol at 50°C and washed in PBS containing 0.01% Tween prior to sequential blocking and reprobing with each primary antibody.
Single-cycle infectivity assays. A total of 250,000 293T cells/well were plated in a total volume of 2 ml/well in 6-well plates. Approximately 24 h later, each well was transfected using Trans-IT transfection reagent (Mirus Bio) with 200 ng of a vector control or an APOBEC3-V5 expression construct, a pVR1012 vector control, or 50, 100, or 200 ng of a given Vif-HA expression construct supplemented as necessary to 200 ng total with the pVR1012 vector and 1.6 g of the full-length replication-competent HIV-1 IIIB C200 XX provirus (Table 1) . Two days after transfection, virus-containing supernatants were filtered through 0.45-m filters and used to infect CEM-GFP cells in 96-well plates as described above. Three days after infection, these CEM-GFP cells were fixed and analyzed by flow cytometry as described above.
In addition to particle infectivity, producer cell APOBEC3 expression levels were determined. Cells were lysed in 25 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM MgCl 2 , 50 M ZnCl 2 , 10% glycerol, and 1% Triton X-100 lysis buffer containing 50 M MG132 (American Peptide) and complete protease inhibitor (Roche). Immunoblots were then prepared as described above, except primary mouse anti-V5 (Invitrogen), mouse anti-HA.11 (Covance), or mouse antitubulin (Covance) antibodies were used for protein detection in conjunction with secondary HRP-conjugated goat anti-mouse (Bio-Rad) antibodies.
RESULTS

A3F selects for the restoration of Vif function.
To determine how vif-deficient HIV-1 IIIB may evolve to overcome restriction by A3F, we used four starting virus templates to initiate a total of 288 selection cultures across four independent experiments. In the first two experiments, we used viruses derived from molecular clones of our previous A3G-resistant isolates to infect A3F-expressing CEM-SS cells (i.e., A3G-R2 is HIV-1 IIIB T200 vif-X26X27 vpr-W54X and A3G-R3 is T200 vif-X26X27 vpr-W18X [18] ; Tables 1 and 2 ). Within approximately 8 to 12 weeks of long-term continuous culture, a total of 7 resistant isolates out of 96 infected were obtained; representative isolates from experiments 1 and 2 are described below and in Table 2 . All attempts to select resistance from the parental A200 vif-X26X27 vpr ϩ or a C200 derivative of this parent in these experiments and in two subsequent experiments were unsuccessful (data not shown). Immunoblotting showed that the A3F levels in stably transfected clones of CEM-SS and the naturally nonpermissive CEM and H9 cell lines are similar (Fig. 1A) (18) . A recent report further indicates that A3F expression levels in CEM cells are similar to those in primary CD4 ϩ T cells, suggesting that the selective pressure applied in these studies is comparable to that exerted by A3F in primary cells (39) .
A3F-resistant isolates were passaged sequentially two additional times in A3F-expressing CEM-SS cells. Replication curves from the third passage indicated that the resistant viruses spread with improved titer and kinetics in A3F-expressing cell lines with peaks generally occurring between 10 and 20 days postinfection as shown for 2 representative isolates (Fig.  1B) . As anticipated, the putative A3F-resistant isolates maintained the ability to replicate in A3G-expressing or vector control CEM-SS clones ( Fig. 1C and D) . However, these viruses did not acquire the capacity to replicate in CEM cells ( Fig. 1E ; also see below and see Discussion). In some instances, the growth curves of the parental virus (A200 Vif-K26-H27) are relatively weak due to high cytotoxicity, but this does not affect our overall interpretations or conclusions (e.g., Fig. 1D) .
To genotype the A3F-selected viruses, we amplified and cloned a region of the proviral genome encompassing vif and vpr, nucleotides 3095 to 5485 (GenBank accession no. EU541617 [18] ). We obtained a minimum of 10 sequences per isolate, and analysis revealed that the A3F-resistant isolates had changed nonsense vif codons to missense, while the vpr null mutations remained intact (Table 2 and data not shown). A composite analysis of the sequences derived from three A3F-resistant isolates showed a high hypermutation load averaging 2.4 G-to-A mutations per kilobase ( Fig. 2A  to C) . These mutations generally occurred with notable bias toward a 5Ј-GA-3Ј dinucleotide context, which is characteristic of the deaminase activity of A3F attacking cDNA strand 5Ј-TC-3Ј motifs (underlining indicates the base that changes by APOBEC3 action). However, substantial 5Ј-GG-3Ј context hypermutations consistent with the action of A3G were also evident, particularly in A3F-resistant isolate 7 (Fig. 2C) . These G-to-A mutations were likely the result of the low levels of endogenous A3G in CEM-SS cells (e.g., Fig. 1A , see below, and published quantifications [24, 39] ). The overall hypermutation levels in these isolates was also likely influenced by the existence of an initially mixed resistant population due to the sequential accumulation of the missense vif mutations, with codon 26 mutating first and codon 27 mutating second. This order of events is suggested by the fact that the same X-to-Q missense mutation at codon 26 was detected in isolate 7 alongside two different codon 27 missense mutations, X-to-Q or X-to-W mutations. From hereon, analyses will focus exclusively on two resistance-associated vif alleles encoding missense mutations at codons 26 and 27, vif-QQ and vif-YQ (Tables 1 and 2 ).
Resistance to A3F occurs through Vif. On the basis of our proviral DNA sequence analyses and the fact that numerous prior studies have shown that Vif can counteract A3F, we hypothesized that the resistance to A3F observed in our isolates would be conferred by the aforementioned missense mutations at vif codons 26 and 27. To test this hypothesis and to eliminate the possibility that mutations elsewhere in the viral genome might contribute to A3F resistance, we incorporated the vif-QQ and vif-YQ alleles cleanly into their parent A3G-resistant molecular clone backgrounds and infected A3F-expressing CEM-SS cells with viruses produced from these molecular clones (Table 1) . These viruses-HIV-1 IIIB T200 vif-QQ (or vif-YQ) vpr Ϫ -displayed robust infectivity and kinetics on cells expressing A3F, A3G, or a vector control, as expected for a virus engineered to contain both A3G and A3F resistance mutations (Fig. 3A to C) . In addition, like the original A3F-resistant isolates, these molecular clones still failed to replicate in CEM cells despite their enhanced replicative ca- Table 2 , as is the predominance of the dinucleotide context in which G-to-A mutations occur. Similar to previous authors, we note a substantial C-to-T transition rate in the presence of A3F in addition to the expected G-to-A hypermutations (4, 20, 26) . The viruses selected also contain substantial 5Ј-GG-3Ј to 5Ј-AG-3Ј transitions, particularly in the case of A3F-resistant isolate 7, suggesting ongoing mutation by A3G in addition to A3F.
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on July 3, 2017 by guest http://jvi.asm.org/ pacity in the presence of A3F ( Fig. 3D ; see below and see Discussion). vpr deficiency does not explain the lack of resistant virus replication in CEM cells. Given the ability of the selected viruses to grow in the presence of A3F or A3G, it was notable that they were still unable to spread in CEM cells that express these two proteins and three additional APOBEC3 proteins (39) . We therefore turned to viral genotypes in search of a possible explanation. The nucleotide at position 200 was not likely to be responsible, because the vast majority of HIV-1 isolates already have a T or C at that position (for example, see reference 18 [per the Los Alamos National Laboratory HIV Sequence Database]). The A200 in the parent HIV-1 IIIB is presumably disfavored, because it causes suboptimal translation, lower levels of viral particle production, and a relatively greater degree of A3G-dependent restriction (17, 18) . However, the function served by vpr inactivation in the parent A3G-resistant viruses is still unknown.
To address the possibility that an undescribed Vpr function might be required for these viruses to grow in the presence of multiple APOBEC3 proteins, we incorporated the selected vif alleles into HIV-1 IIIB C200 vpr ϩ molecular clones (Table 1 ). Fig. 1E and 3D , however, Vpr-proficient viruses with the vif-QQ or vif-YQ allele remained restricted by nonpermissive CEM and H9 cells ( Fig. 4A and B ; also data not shown; see below for additional data with these molecular clones). In contrast, the wild-type vif-KH virus spread readily in these fully nonpermissive lines in both vpr ϩ and vpr Ϫ backgrounds (Fig. 4A and B and data not shown). We therefore concluded that the basis for the observed replication defect in naturally nonpermissive cell lines lay in the identity of the amino acids selected by A3F-vif-QQ or vif-YQ versus the wild-type vif-KH.
All viruses were replication competent in vector control CEM-SS and SupT11 cell lines (data not shown). Like the Vpr-deficient vif-QQ and vif-YQ viruses in
Variants of Vif selected by A3F are unable to effectively degrade A3G. To mechanistically characterize Vif-QQ and Vif-YQ, we assessed the ability of these Vif variants to neutralize A3F or A3G in single-cycle infectivity experiments at several levels of Vif expression. As predicted by the spreading infection phenotypes, the Vif variants selected by A3F were as efficient at enhancing viral infectivity and lowering intracellular A3F levels as the wild-type Vif-KH was (Fig. 5A) . In contrast, the Vif variants selected by A3F did not restore infectivity in Fig. 1B with the higher MOI in panel A). In contrast, A3F-selected viruses consistently display robust peaks at any MOI in the presence of A3F. The peaks of A200 KH growth are indicated by arrows in panels A and B to differentiate them from the descending T200 YQ vpr Ϫ (A3F-R5) curve and the superimposed T200 YQ vpr Ϫ (A3F-R5) peak, respectively. Similar results were obtained using proviral molecular clones corresponding to other selected isolates as well as additional CEM-SS clones stably transfected with A3F, A3G, or a vector control (data not shown).
the presence of A3G, and they were markedly deficient in their ability to lower intracellular A3G levels (Fig. 5B ). This clear A3G susceptibility helped to explain why viruses with these vif alleles fail to spread in CEM or H9 cells (e.g., Fig. 4 ) and why our original A3F-resistant isolates had significant 5Ј-GG-3Ј context hypermutations-the original CEM-SS A3F lines have permissive but detectable levels of endogenous A3G (Fig. 1A  and 2 ) (39). However, it remains possible that other APOBEC3 proteins expressed in CEM and H9 cells beyond A3F and A3G may account for at least part of the continued restriction of A3F-selected viruses in these cells (see Discussion) (39) .
The inability of the vif alleles selected by A3F to neutralize A3G maps to the identity of amino acid 26. To test whether viruses with the vif alleles selected by A3F are deficient in their ability to neutralize A3G in spreading infections and, if so, to additionally determine the nature of the mutation responsible, we did a series of spreading infection experiments using a panel of full-length molecular clones with amino acid substitution mutations at vif codon 26 or 27 (i.e., wild-type HIV-1 IIIB C200 viruses with the exception of vif; Table 1 ). Specifically, we compared viruses with K, Q, or Y at position 26 and H or Q at position 27, and we used A3F-or A3G-expressing SupT11 clones, because we recently found that this line is nearly devoid of endogenous APOBEC3 expression (39) (Fig. 6A) .
We found that all combinations of Vif residues at positions 26 and 27 were able to spread in SupT11 cells expressing A3F and in SupT11 vector control cells (Fig. 6B and data not  shown) . In contrast, only viruses encoding a lysine at position 26 of Vif were able to spread effectively in cells expressing A3G or in nonpermissive CEM or H9 cell lines (Fig. 6C and D and data not shown). These data corroborate two recent Vif sitedirected mutation screens, which independently found that K26 is important for the neutralization of A3G (7, 10) . They Given the correlation between the capacity of a particular Vif to degrade APOBEC3 proteins and the ability of viruses carrying those vif alleles to spread in the presence of APOBEC3 proteins, we further hypothesized that degradation is the predominant mechanism of Vif action at play in our spreading infection system. To test this hypothesis, we incorporated Vif BC Box mutations at positions 144 to 146 into both the wild-type and A3F-selected molecular clones. SLQ-to-AAA substitutions in this highly conserved region have been previously shown to interrupt interaction between Vif and Elongin C, thus attenuating the Vif-mediated degradation of APOBEC3 proteins (58) . We observed that viruses carrying these mutations are unable to spread in SupT11 cells stably transfected with A3F or A3G as well as naturally nonpermissive CEM or H9 cells (data not shown). These data indicate that the interaction between Vif and Elongin C is required for A3F/G neutralization and, further, based on many prior studies, that degradation is an integral part of the mechanism.
Additional long-term selection experiments in nonpermissive CEM cells select for a positive charge at Vif position 26. To determine how the vif alleles selected by A3F might evolve to become resistant to the full nonpermissive APOBEC3 repertoire in CEM cells, we passaged vif-QQ viruses in these cells until resistant isolates arose. From 48 parallel cultures, 5 isolates emerged after 8 to 12 weeks of incubation. Second-passage proviral DNA sequencing revealed that 3 isolates carried Q26R mutations, while two more isolates carried Q26K mutations; representative viruses from these selections are shown in experiment 5 of Table 2 . Serial passage in CEM cells indicated that these isolates replicated with greater efficiency than the parent vif-QQ viruses, although Q26R viruses still tended to display attenuated replication kinetics (Fig. 7 ).
DISCUSSION
The experiments described here are the first reported selections for HIV-1 resistance to the restriction factor A3F. Our . Results demonstrate that K26 is critical for the neutralization of A3G and the APOBEC3 repertoire found in CEM cells, but not A3F. Results concordant with results in panels B to D were observed using additional SupT11-derived cell lines expressing A3F or A3G as well as SupT11 clones transfected with a vector control and H9 cells (data not shown). Higher peaks than that shown in panel B are usually observed with the C200 QQ virus (e.g., Fig. 1 and 3 and data not shown); in addition to those curves and many not shown, the ability of C200 QQ to spread in the presence of A3F is indicated by the fact that it efficiently kills the culture in which it replicates (see the legend to Fig. 1 ). data show that A3F, like A3G, is capable of potent long-term restriction, extending to two the number of APOBEC3 proteins shown capable of selecting heritable resistance (18) . The strength of A3F-mediated restriction in our spreading infection experiments combined with its ability to select resistance contrasts somewhat with the consistently weaker effects of A3F in single-cycle assays compared with A3G (3, 4, 20, 26, 45) . The reason(s) for this disparity is not obvious, but the data presented here suggest that A3F may be an important part of the selective pressure that maintains Vif function in vivo.
We presume that the isolates emerging from long-term selection experiments will have taken the easiest path to resistance. Given the current literature on APOBEC3 proteins, we might have anticipated the selection of any number of Vifindependent resistance mechanisms to A3F as discussed in the introduction, but we have only ever selected for the restoration of Vif function. If Vif-independent resistance to A3F is possible, then the genetic barriers to evolving such mechanisms are apparently greater than the 1 or 2 mutational events required to restore Vif function in the alleles described here. Fitness costs to viruses acquiring these putative alternative resistance mutations may also influence the overall barrier to their development.
Aside from the central observation that A3F selects for the restoration of Vif function, we identified K26 as an important residue for the Vif-mediated degradation of A3G, but not A3F. This result is satisfying in light of recent site-directed mutagenesis studies also showing that K26 is indeed required for A3G neutralization (7, 10) , and it likely explains the notable presence of G-to-A mutations consistent with A3G action in our selected viral isolates ( Fig. 1A and 2) . Molecularly, our characterization of the vif alleles selected by A3F is largely in agreement with these two reports in finding that viruses without the wild-type K26 lack the ability to efficiently degrade A3G, although they still continue to bind it (Fig. 5B and data  not shown) . Thus, our data also support the notion that K26 is part of the Vif interaction surface that contacts A3G.
In the process of characterizing the amino acid identity requirements at residue 26, we also demonstrate for the first time that the evolution of vif in response to one APOBEC3 protein (A3F) may not result in a Vif variant with activity against another APOBEC3 protein (A3G; Fig. 5 and 6 ). Thus, the selective pressures exerted on vif by each APOBEC3 protein are at least partially distinct. This conclusion is consistent with a growing body of mutagenesis data implying that the structural determinants of A3F and A3G binding sites within Vif can be both defined and in some instances separated genetically (reviewed in references 2 and 46). While we have not yet succeeded in selecting Vif function as a mechanism of A3G resistance, our observations should not be extrapolated to quantify the relative abilities of A3F and A3G to select for Vif function. For instance, the vif genotype of the parental virus is highly likely to influence the outcome. Furthermore, we do not wish to imply that Vif function is unimportant for overcoming restriction by A3G. Even in vitro, the A3G-selected mutations that we have previously reported are not as robust as wild-type Vif function. They fail to complement the A3F-selected Vif alleles when replicated in naturally nonpermissive CEM and H9 cells as well as CEM-SS cells stably transfected with both A3F and A3G (Fig. 1E and 3D and data not shown), and we have also observed that they may become overwhelmed when replicating on SupT11 cells expressing higher levels of A3G but no other APOBEC3 proteins (data not shown). This is likely due to the nature of our previously characterized A3G resistance mutations, which merely tolerate the presence of A3G better than the parental virus (18) . That a particular resistance mutation should be saturable by higher APOBEC3 expression levels is perhaps not all that surprising, because even Vif-proficient viruses can be overwhelmed and restricted under conditions of APOBEC3 overexpression (37, 41) . Furthermore, we cannot rule out the possibility that other dominant acting APOBEC3 restriction factors in CEM and H9 cells beyond A3F and A3G may be at least in part responsible for the more potent restriction observed in these cell lines. Results of future long-term selection experiments, especially if the viral genotype and/or the cellular A3 levels differ from those described here, are likely to yield other informative outcomes. FIG. 7 . Long-term culture of A3F-resistant viruses in CEM cells selects for restoration of a positive charge at Vif residue 26. Passage of CEM-resistant viral isolates in CEM cells demonstrating their functional resistance to the nonpermissive phenotype of CEM. Phenotypic resistance of the selected alleles to the nonpermissive phenotype as encountered in CEM cells was also confirmed using viruses derived from molecular clones ( Table 1 and data not shown). A summary of the sequence evolution observed in resistant isolates that were confirmed by second passage and for which sequence was available is given in experiment 5 of 
